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Chapter 1
Introduction

Longtailed Mealybug Pheromone Background
Mealybugs, a group of scale insects in the Psuedococcidea family, are
found in warm climates throughout the world. They are flat, oval insects, typically
2-4 mm long and covered with waxy secretions that give them their “mealy”
appearance. Long, thread-like mouthparts allow mealybugs to penetrate and
feed deep into the thick tissue or bark of plants. Because of this, mealybugs are
a considered a serious pest to both ornamental and agricultural plants.1,2
The longtailed mealybug (Pseudococcus logispinus) is characterized by a
wax thread “tail” that extends as long, or longer than the length of its body.
Sessile females have a 2-3 month lifespan. During this time they secrete a sex
pheromone to attract winged males that live only long enough to reproduce.
Longtailed mealybugs infest both ornamental and agricultural plants such as
grapes, citrus, apples, avocado and mango.1,2
Control of the longtailed mealybugs has proven difficult.2 Mealybugs are
often located in the protected areas of plants like bark crevices and leaf axils
which are hard to penetrate with pesticides. It is also almost impossible to
selectively kill harmful insects without harming the beneficial ones. Monitoring for
mealybug infestation is quite labor intensive and unrealistic in an agricultural
setting.
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Recently, the pheromone of the longtailed mealybug was identified as
structure 1.3 To identify it, colonies of mealybugs were raised and the males
were selectively killed so that only unmated females remained. Clean air flow
through the glass chamber which housed them allowed the headspace odors to
be trapped on activated carbon. The contents were examined by gas
chromatography and compared with the profiles of both sexually immature
females and the squash fruit on which they were raised. A single compound, 1,
was unique to the headspace of the sexually mature females.

Figure 1

The pheromone’s sterically congested structure is the first example of a
new class of monoterpenoids containing two vicinal quaternary centers in a
cyclopentene ring. The pheromone has been shown to have extremely high
biological activity; in lures, just 25 µg of the racemic pheromone can attract males
for more than three months. Three racemic syntheses of the pheromone have
now been reported by Millar and coworkers.3,4,5
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Previous Syntheses of the Longtailed Mealybug Pheromone
The first reported synthesis,3 shown in Scheme 1, involves a
polyphosphoric acid mediated cyclization of isobutyl 2-butenoate. The
cyclopentenone was then converted into the allylstannane after being reduced.
The key step, treatment with n-BuLi, induced a [2,3] sigmatropic rearrangement
which sets both a quaternary center and the double bond. Oxidation to
aldehyde, followed by a Wittig olefination, added the final carbon in the molecule.
Hydrolysis, reduction and acylation completed the synthesis. This 8 step
synthesis has an overall yield of 13%.
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The second reported synthesis,4 initiates with the alkylation of methyl
acetoacetate. Diazotization of the β-ketoester set up the Rh-catalyzed
intramolecular cyclization as shown in Scheme 2. The resulting cyclopentanone
was methylated, which sets the adjacent quaternary centers. Enolate formation
and palladium catalyzed formic acid reduction set the double bond in the
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cyclopentene. The ester was reduced to the alcohol and then oxidized to the
aldehyde. A one carbon chain extension was achieved with a Wittig olefination.
Reduction followed by an acylation resulted in the mealybug pheromone. This
12 step synthesis gives an overall yield of 13.5%.
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The third route,5 illustrated in Scheme 3, begins with polyphosphoric acid
mediated cyclization of isobutyl 2-butenoate to form the cyclopentenone. The
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cyclopentenone was reduced to the allylic alcohol and then esterified to give the
acetate. This allows for the formation of the acid via an Ireland-Claisen
rearrangement followed by hydrolysis. Reduction followed by acetylation gave
the pheromone in 5 steps with an overall yield of 35%.
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The presence of adjacent quaternary centers in the pheromone (1) poses
one of the largest challenges in the synthesis of the molecule. In all three of
these preparations, these centers are set fairly early in the synthesis along with
the formation of the five-membered ring.
Previously, a synthesis was developed by Bailey and coworkers of the
naturally occurring sesquiterpene, (±)-laurene.6 This natural product has a similar
five-membered ring system as the mealybug pheromone. Formation of an
organolithium species followed by a 5-exo-trig cyclization sets adjacent
quaternary and tertiary centers in the five-membered ring, as shown in Scheme
4.

Scheme 4

Organolithium Chemistry
Organolithiums can be prepared using a variety of methods.7 The lithiumhalogen exchange reaction, discovered by Wittig8 and Gilman9 in 1938, provides
a valuable method for preparing many structurally diverse organolithium
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reagents. Scheme 5 illustrates the exchange of the lithium and halide to form
two new species.10,11

Scheme 5

The mechanism of the lithium-halogen exchange remains controversial
even though it has been widely studied and used for many years.12 In general,
although differences arise depending on conditions, the current accepted theory
is that the exchange proceeds through an “ate-complex” (Scheme 5).13 Because
iodides are more polarizable, they undergo the exchange more quickly than
bromides. Lithium-halogen exchange with chlorides rarely occurs.11,14
The most commonly used alkyllithium for the lithium-halogen exchange is
t-butyllithium (t-BuLi).15,16 Other organolithiums can be used but they often lead
to unwanted side reactions such as coupling. Two equivalents of t-BuLi are used
to drive the equilibrium by consuming the t-butyl halide formed through the first
exchange.17,18 Ultimately, the reaction which is irreversible, affords the desired
organolithium, isobutene, isobutylene and the lithium halide (Scheme 6).
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Scheme 6

An important factor in organolithium chemistry is the aggregation state of
the organolithium species. Organolithiums commonly form aggregates
consisting of tetramers, dimers or monomers (Figure 2) depending on the
solvent.10b,19 The lower aggregation states correlate to enhanced reactivity. In
THF, t-BuLi is in its most reactive, monomeric form;10b tetramers, the
predominant species in hydrocarbons, are relatively stable and much less
reactive.10b

Figure 2
16

Although increasing reactivity by using tetrahydrofuran or diethyl ether as
a solvent is often necessary, these solvents react with organolithiums,
particularly at warmer temperatures.20 To balance these factors, a mixture of
solvents is typically used and the exchange is performed at low temperatures; a
common example being a 9:1 pentane/diethyl ether system at –78 ºC. This
allows t-BuLi dimers, which are quite reactive even at low temperatures, to form
while minimizing the reaction between solvent and reagent.

Cyclization of Olefinic Organolithiums
It was discovered by Bailey and coworkers that 5-hexenyllithium,
generated by the lithium-iodide exchange of 6-iodo-1-hexene with t-BuLi, cyclizes
to cylcopentylmethyllithium upon warming to room temperature (Scheme 8).21 It
was also observed that the addition of N, N, N’, N’-tetramethylenediamine
(TMEDA) not only accelerates the cylization, but allows it to occur at lower
temperatures.21

Scheme 8
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Studies by Bailey and Wiberg,22 which were confirmed by Hoffmann and
Rölle,23 demonstrate that the 5-hexenyllithium adopts a six-membered, chair-like,
transition state where the lithium atom is coordinated to the remote π-bond as
illustrated in Scheme 9. Because of this, the cyclization of 5-hexenyllithiums is a
highly regioselective, 5-exo process.

Scheme 9

Summary
Organolithium chemistry can be used for the efficient formation of 5membered ring systems. Even very hindered natural products have been
previously prepared via lithium-halogen exchange-initiated anionic cyclization.
As described below, these methodologies have been utilized to design and
implement a new and efficient synthesis of the pheromone of the longtailed
mealybug (1).
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Chapter II
Results and Discussion

Retrosynthetic Analysis
The retrosynthetic analysis illustrated in Scheme 10 suggests that the
carbon framework of the mealybug pheromone can be constructed with a 5-exotrig cyclization of an olefinic vinyllithium. The vinyllithium, in turn, can easily be
prepared from a vinyl halide via a low-temperature lithium-halogen exchange.

Scheme 10

Given this information, a straightforward synthesis of pheromone 1 has
been developed as illustrated in Scheme 11.
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First Forward Synthesis
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Bromination of commercially available trans-crotonic acid afforded
dibromobutanoic acid 3 in good yield.1 A stereoselective anti-decarboxylationelimination in neat triethylamine provided pure cis-1-bromopropene (4).1 Free
radical bromination with NBS gave dibromide 5 as a 60:40 ratio of cis:trans
isomers.
Attempts were made to prepare 8 by reaction of 5 with the enolate
generated directly from methyl isopropyl ketone (6) using previously reported2
thermodynamic conditions (Scheme 12). Indeed, using potassium hydride (KH)
in THF at room temperature, the thermodynamic enolate was formed almost
exclusively. After slow addition of dibromide 5, the reaction was allowed to stir
overnight.

Scheme 12

Of the two nucleophilic sites on the enolate, the carbon is the softer atom.
Since SN2 type reactions proceed most effectively when the nucleophile and the
leaving group are both soft or both hard; C-alkylation is more prevalent with soft
halide leaving groups.3 The reaction depicted in Scheme 12 demonstrated that,
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C-alkylation was the prevalent mode of coupling with a small amount of Oalkylation. The dialkylation product was also generated in low yield.
A major problem with this approach was alkyne formation (~30%) due to
elimination of HBr. Unfortunately, the alkyne by-product could not be separated
from the bomoketone by distillation or column chromatography and changes in
reaction conditions did little to decrease the yield of alkyne. For this reason, an
alternative route to preparing the bromoketone was developed.
Under acidic conditions, enol acetate 6, was prepared from methyl
isopropyl ketone.4 Protic acids allow for equilibration between the keto and enol
tautomers and can often favor the enol.5 The reaction was performed at room
temperature which favors formation of the thermodynamic enol and this, in turn,
is trapped by reaction was excess acetic anhydride giving 7 in moderate yield.
The corresponding enolate was generated from 7 by reaction with MeLi.6
A slight excess of MeLi is crucial to the success of the reaction because an
excess of the enol acetate will allow for equilibrium with the lithium enolate. To
ensure slightly basic conditions, 2,2’-bipyridyl was used as an indicator for MeLi
and 7 was added slowly until only a light orange color remained. This slow
addition also helps to avoid C-alkylation products that can occur if the lithium
enolate and the enol acetate are in high local concentrations. 1,2Dimethoxyethane (DME) was used as the solvent for a number of reasons:
lithium enolates are more soluble and more reactive in DME than in other
ethereal solvents; in particular, they are alkylated much more quickly.4,7 Also,
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enolates, lithium enolates especially, do not interconvert between structural
isomers in DME as they do in protic solvents.
The alkylating agent, dibromide 5, was added quickly, and in slight
excess, to the lithium enolate. By adding an excess, the initial alkylation reaction
becomes more rapid;8 this avoids deprotonation of the monoalkylated product by
the starting enolate anion. Ketone 8 was formed with relatively high selectivity in
a 65:35 ratio of cis and trans isomers. A Wittig olefination9 afforded diene 9 in
the same ratio.
The key step in this route comes at the end of the synthesis: cyclization of
the vinyllithium derived from 9 forms the cyclopentene ring while simultaneously
setting the two adjacent quaternary centers. Scheme 13 illustrates the general
approach.

Scheme 13
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Optimization of the Lithium-Bromide Exchange
First, the lithium-bromine exchange must be performed using the proper
conditions to form the vinyllithium. At least 2 molar equivalents of t-BuLi must be
used with an appropriate solvent system.10,11 At this point, the reaction may be
quenched with a proton source to determine if the exchange is proceeding as
planned. In order to facilitate the cyclization of the vinyllithium, an additive such
as TMEDA or THF may be added to deaggregate the vinyllithium aggregates.
Upon warming, the vinyllithium should cyclize to give the lithiated cyclopentene
species.12
For the first attempt (Scheme 14), a 19:1 (by vol) ratio of n-C5H12 to Et2O
was used for the exchange. The t-BuLi was added at –78 ºC and the reaction
mixture was stirred for 30 min before being warmed. The reaction was then
quenched with MeOH and the outcome was assayed by GC analysis. Two issues
are apparent from the results of this exercise: the reaction proceeded to only
74% completion, and a 3:1 mixture of products was formed. The major product
was the desired diene; the minor product was an alkyne, produced by elimination
of HBr.
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Scheme 14

The moderate conversion can be attributed to quench of the vinyllithium
by residual moisture or to the fact that the reaction had not been allowed to stir
for a long enough time. Since the lithium-halogen exchange occurs very quickly,
even with a bromide, the first cause seems more likely.
The second issue, and likely the more challenging of the two, was the
formation of an alkyne side product. Vinyl halides undergo dehydrohalogenation
in the presence of a strong base to form alkynes and t-BuLi is a strong base. The
dehydrohalogenation of vinyl bromides by organolithium reagents appears to be
temperature dependent.13,14 For example, Seebach and Newmann have
reported that the lithium–halogen exchange of vinyl bromides in THF produces
no alkyne at temperatures below –110 ºC.13

27

A series of experiments, summarized in Table 1, was conducted in
attempt to maximize the yield of the diene.

Table 1. Investigation of Solvent, Temperature and Time Dependence on
the Reaction of Vinylbromide 9 with t-BuLi (Scheme 14).
products, % yielda
entry

solvent
(n-C5H12:Et2O)

temp
(ºC)

time
(min)

t-BuLi
(eq)

9b

1

19:1

–78

30

2.0

26

56

18

2

19:1

–105

30

2.3

94

4

2

3

9:1

–130

30

2.3

68

22

10

4

3:2

–130

30

2.3

69

17

14

5

9:1

–130

120

2.3

78

14

8

6

19:1

–130

30

5.0

73

16

11

7c

9:1

–130

30

2.3

86

9

5

a

Yields were determined by GC analysis of reaction mixtures.

b

Unreacted

starting material. c Inverse addition: 9 was added to the t-BuLi solution.
Addition of 2.3 equiv of t-BuLi to a solution of 9 in n-C5H12 (19:1 by vol) at
–105 ºC gave the results summarized in entry 2. The conversion was quite low
and a similar amount of alkyne was present. It might be noted that decreasing
the temperature also decreases the solubility of vinyl bromide 9. In an attempt to
increase solubility of 9, the amount of ether in the solvent system was increased:
a 9:1 ratio of n-C5H12:Et2O was used at a reaction temperature of –130 ºC (entry
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3). Although the conversion increased, the amount of alkyne formed did as well.
The proportion of ether in the solvent system was again increased (entry 4): a 3:2
ratio of n-C5H12:Et2O under the same conditions resulted in the same conversion
and an increase in the yield of alkyne.
Since the reaction temperature had been decreased, it was reasoned that
the reaction time might need to be increased. To this end, the reaction time was
increased to 120 min (entry 5) using a 9:1 ratio of n-C5H12:Et2O. This change did
not increase conversion or decrease alkyne formation.
Two additional attempts were made to improve the reaction outcome.
First, a large excess of t-BuLi was added to ensure that the reaction was not
being quenched (entry 6): this change had little effect on the outcome. Finally,
as illustrated in entry 7, a reverse addition was attempted: the vinyl bromide (9)
was added to the t-BuLi solution, no improvements were seen with this change.
Each attempt to increase the yield of the desired product using the
conditions summarized in Table 1 failed. Decreasing the temperature not only
decreased the solubility of 9 but it also decreased the rate of the lithium-bromine
exchange. When the amount of ether was increased, to increase the solubility of
9, more alkyne was formed. Since t-BuLi is in a lower, more reactive aggregation
state in Et2O than in n-C5H12, these results are not surprising. The proper
balance of temperature and solvent system could not be found .to increase
conversion or minimize alkyne formation.
It became evident that the lithium-bromine exchange with this system was
not going to produce the desired product in good yield. The vinyl bromide was
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too prone to elimination to carry it any further in this synthesis. However, it
seemed possible that a lithium-iodine might provide better results. Since the
lithium-halogen exchange is much faster with iodides than bromides, it was
reasoned that the exchange might occur faster than the elimination.
A new synthesis, shown in Scheme 15, was developed to prepare an
iodoketone analogous to 8.
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Second Forward Synthesis
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Starting with propiolic acid (11), anti-Markovnikov addition of HI gave
iodide 12.15 Refluxing in ethanol with catalytic acid, produced ester 1316 and
reduction with DIBAL led to alcohol 14.16 To avoid isomerization, the reaction
temperature must be properly maintained, particularly when quenching with
aqueous HCl. Bromination with triphenylphosphine dibromide, produced in situ,
afforded bromide 15.17
Enol acetate 7 was prepared as previously discussed.4 Under the same
conditions,6 the enolate was generated and alkylated with allylic bromide 15 to
form the desired iodoketone 16. A Wittig olefination, using the same conditions
as with bromide 8 (Scheme 11),9 gave a mixture of products: the desired diene
(17) was formed along with about 35% of alkyne formed by dehydrohalogenation.
It was clear that a different method for olefination was needed with mild,
non-basic conditions to avoid elimination. The Zn/CH2X2/TiCl4 method18,19 avoids
the basic nature of the standard Wittig reaction. The formation of the reactive
species in this system is shown is Scheme 16.
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Scheme 16

Zinc does an insertion into the methylene halide to form a zinc-carbenoid.
The second zinc insertion to form the geminal dizinc species proceeds very
slowly. However, catalytic lead(II) has an accelerating effect on the reduction.18
Transmetallation replaces the first zinc inserted, forming a lead-carbenoid.
Reduction with zinc proceeds quickly affording a geminal zinc lead species.
Because the lead-carbon bond is more covalent than the zinc-carbon bond, it can
be reduced much faster. A second transmetallation from lead to zinc gives the
geminal dizinc species much more readily. After the addition of TiCl4, the key
intermediate formed, assumed to be either geminal dimetallic species containing
titanium or a Tebbe-type complex, can go on to react with the ketone. Under
these mild conditions,18 diene 17 was obtained in reasonable yield without the
formation of any alkyne.
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Cyclization of the Vinyllithium
The cyclization step remained to be considered. First, the lithium-iodine
exchange was conducted using standard conditions as shown in Scheme 17.

Scheme 17

The iodide, dissolved in a 9:1 (by vol) mixture of n-C5H12:Et2O, was cooled
to –78 ºC, 2.2 molar equivalents of t-BuLi was added dropwise and the reaction
mixture was allowed to stir for 30 min at –78 ºC before it was quenched with
MeOH. GC-MS analysis demonstrated the formation of a single product,
corresponding to the desired diene, in virtually quantitative yield; no alkyne was
present.
Since the lithium-iodide exchange worked well on this molecule, the next
step was to cyclize the vinyllithium. The reaction was done again, under the
same conditions: the vinyllithium was generated by stirring 17 with 2.2 eq of tBuLi in a 9:1 (by vol) mixture of n-C5H12:Et2O for 30 min at –78 ºC. The bath was
then removed and the reaction mixture was allowed to stir at room temperature
for 1 h before being quenched with MeOH. GC analysis again showed the
formation of a single product, the diene, but no cyclized compound.
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An effective way to increase the rate of an anionic cyclizations is to add
TMEDA. Additives are often necessary to help stabilize the electron-deficient
lithium atom in organolithium compounds, effectively breaking up aggregates.20
This allows for cyclization to more readily occur.
With this in mind, the lithium-iodine exchange was conducted at –78 ºC
and after stirring for 30 min at –78 ºC, 3 eq of TMEDA was added to the solution.
The bath was then removed and the mixture was stirred at room temperature for
3 h. During this time, the vinyllithium will cyclize and any excess t-BuLi is
quenched by abstraction of a proton from the Et2O solvent.21,22 Scheme 18
shows the results after the reaction was quenched with MeOH.

Scheme 18

Under these conditions, most of the vinyllithium cyclized to the
cyclopentene and a small amount of diene was obtained. This result
demonstrates that TMEDA is necessary for this 5-exo-trig cyclization.
In order to add the extra carbon to the cyclopentene, the cyclic alkyllithium
product must be trapped with formaldehyde, as shown in Scheme 19. Dry
paraformaldehyde produces small amounts of formaldehyde in situ and
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organolithiums have been reported to react very smoothly with paraformaldehyde
to give primary alcohols in good yield.23

Scheme 19

This series of reactions was run in an attempt to optimize the conditions.
Table 2 shows the conditions used in the optimization study as well as the GC
yield of each product.
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Table 2. Optimization of the Vinyllithium Cyclization and Quench with
Paraformaldehyde.

products, % yielda

a

OH

TMEDA
(eq)

(CH2O)n
(eq)

Time
(h)

1

3

2

0.5

31%

42%

27%

2

2

3

0.5

13%

8%

79%

3

2

3

1

13%

37%

50%

4

2

2.5

1.25

10%

19%

71%

5

2

2.5

1

9%

30%

61%

6

2

3

2

12%

29%

59%

entry

10

Yields were determined by GC analysis of reaction mixtures
The lithium-iodine exchange was conducted as illustrated in Scheme 17.

After stirring at –78 ºC for 10 min, 3 molar equivalents of TMEDA were added,
the bath was removed and the reaction mixture was stirred at room temperature
for 1 h. After being re-cooled to –78 ºC, 2 molar equivalents of
paraformaldehyde were added to the reaction mixture. The paraformaldehyde
was allowed 30 min to react at room temperature before addition of saturated,
aqueous NH4Cl solution. The results of this reaction, shown in entry 1, gave a
relatively equal distribution of diene, quenched cyclized product and alcohol (10).
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Since the reaction was done on a 1 mmol scale, only a small amount of water
would have been necessary to quench the organolithiums throughout the
reaction, accounting for the significant amounts of both diene and quenched
cyclized products. Also, if the reaction were quenched with aqueous NH4Cl
before the paraformaldehyde completely reacted with the cyclic alkyllithium, an
increased the amount of cyclized product would be present. To address these
issues (entry 2), the TMEDA was redistilled and the amount used was decreased
to 2.0 molar equivalents. Increasing the amount of paraformaldehyde to 3.0
equivalents ensured that enough paraformaldehyde was present in solution to
react with the cyclic alkyllithium product. These changes drastically improved the
results; the desired alcohol (10) constituted 79% of the product mixture.
The reaction was repeated on a 2 mmol scale with a slight modification
(entry 3): cyclic alkyllithium and paraformaldehyde were stirred at room
temperature for 1 h to ensure complete conversion. An undesirable ratio of
products was obtained from this reaction: there was a significant amount of the
quenched cyclized product. The amount of diene, however, was consistent with
the previous reaction, indicating the issue was arising sometime after the
vinyllithium cyclized. At this point, it seemed likely that one of two things was
occurring: either the paraformaldehyde was wet, or it was not allowed enough
time to react with the organolithium before being quenched. Entries 4-6 illustrate
the attempts made to maximize the yield of alcohol 10. Different techniques
were employed to dry the paraformaldehyde and the quantity of
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paraformaldehyde was varied as well as the reaction time altered. These results
were inconsistent and did not indicate the exact cause of the low yield of 10.
Since t-BuLi can abstract a proton from diethyl ether under the reaction
condtions,21,22 the cyclized lithium species may be quenched during the prolong
time at room temperature. Some small changes were made in the reaction
conditions as shown in Scheme 20: 17 was dissolved in a 19:1 (by vol) mixture of
n-C5H12-Et2O and the lithium-iodine exchange was allowed to proceed for 30 min
at –78 ºC. The iodide (17) was quite soluble in pentane, even at –78 ºC, so
these conditions should not negatively affect later stages of the reaction. After
stirring with TMEDA for 1h, the reaction was quenched with D2O.

Scheme 20

GC-MS analysis revealed, that 95% of the cyclized product was
deuterated, indicating that the cyclized lithium species was not being quenched
by the diethyl ether. At this point, it was clear that the reaction was being
quenched after the addition of the paraformaldehyde.
In an attempt to reduce the water content, the paraformaldehyde was
dried for two days in an Abderhalden drying pistol using phosphorus pentoxide
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as a drying agent, under vacuum, while being heated with refluxing methanol.
The reaction was then repeated using the conditions shown in Scheme 21. Only
a slight excess of paraformaldehyde was used to reduce the amount of water
potentially being added with it.

Scheme 21

The reaction was quenched with saturated, aqueous NH4Cl, washed with
brine, rather than water, to ensure all the alcohol remained in the organic layer.
GC analysis indicated that the crude products contained 78% of alcohol 10.
After purification by column chromatography, a 67% yield of pure 10 was
obtained. Treatment of the alcohol with pyridine and acetyl chloride afforded 1
86% yield.
In summary, a short and efficient synthesis of the longtailed mealybug
pheromone (1) was developed: from readily available iodoketone 17, 1 is
obtained in four steps with an overall yield of 21%. This synthesis utilizes very
different methodologies than the previously reported syntheses. The key step, a
5-exo-trig cyclization of a vinyllithium, not only forms the cyclopentene core it
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also sets the vicinal quaternary centers which often pose a difficult challenge in
organic synthesis.24
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Chapter III
Experimental

General Procedures
Manipulations of organolithiums were preformed in flame dried glassware
under an atmosphere of “ultra high purity” argon using standard syringe
techniques.1 The concentrations of t-butyllithium (t-BuLi) in pentane (Acros), nbutyllithium (n-BuLi) in hexanes (FMC) and methyllithium (MeLi) in diethyl ether
(Acros) were determined by titration prior to use using the method developed by
Watson and Eastham:2 a solution of known concentration of 2-butanol in xylenes
was used with 1,10-phenanthroline in benzene as the indicator.
Anhydrous diethyl ether, tetrahydrofuran and dimethoxyethane were
distilled from a dark blue or purple solution of sodium and benzophenone.
Pentane was purified by repetitive washings with concentrated sulfuric acid until
the acid layer remained clear followed by successive washings with water,
saturated sodium bicarbonate, and water. The pentane was then dried with
magnesium sulfate and distilled from sodium and benzophenone containing a
small amount of tetraglyme. Dichloromethane was distilled from calcium hydride
prior to use. Paraformaldehyde was dried in an Abderhalden with P2O5, under
vacuum and heated with refluxing methanol.
Gas-liquid chromatography (GC) was performed on a Hewlett-Packard
5890 gas chromatograph equipped with a flame-ionization detector and fitted
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with a 25-m x 0.20-mm x 0.33-µm DB-5 (5% diphenyl / 95% dimethypolysiloxane)
fused silica glass capillary column (J & W Scientific).
Gas-liquid chromatography-mass spectrometry (GC/MS) was preformed
on a Hewlett-Packard 5890 gas chromatograph fitted with a 25-m x 0.20-mm x
0.33-µm DB-5 (5% diphenyl / 95% dimethypolysiloxane) fused silica glass
capillary column (J & W Scientific) and interfaced with a Hewlett-Packard 5971
mass selective detector with electron impact ionization.
Flash chromatography was performed with 40-63 µm silica gel purchased
from Dynamic Adsorbents, Inc. Thin layer chromatography was done on Bakerflex (J.T. Baker) Silica Gel IB-F plates and visualized using UV or a 1%
permanganate stain.
1

H NMR and 13C NMR were obtained using a Bruker DRX-400

spectrometer using CDCl3 as the solvent. Proton and carbon spectra were
referenced at δ = 7.26 and δ = 77.23, respectively.
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Mealybug Experimentals

erythro-2,3-Dibromobutanoic Acid. The title compound was prepared following
the procedure described by Fuller and Walker.3 A 2-L, 3 neck round-bottomed
flask was equipped with a mechanical stirrer, an addition funnel and a
thermometer. Under N2, 206.6 g (2.40 mol) of trans-crotonic acid and 1280 mL
of heptane were added. The mixture was then warmed to 30 °C with a water
bath. Over a period of about 45 min, Br2 (136.1 mL, 2.64 mol) was added while
maintaining a reaction temperature of about 30 °C with a cold water bath. Once
crystals began to form and the reaction temperature remained constant, the bath
was removed and the mixture was stirred at room temperature for 16 h. The
mixture was then stirred in an ice bath for 30 min before being filtered. The
precipitate was washed with three, 150-mL portions of cold heptane. The
colorless crystals were then dried in a vacuum dessicator overnight to yield 520 g
(88%) of the title compound: mp 85-88 °C (lit.4 mp 87-89 ºC). 1H NMR (400 MHz,
CDCl3) δ 11.2-11.8 (br, 1H), 4.42-4.37, (m, 2H), 1.91 (d, J = 5.8, 3H); 13C NMR
(100 MHz, CDCl3) δ 173.6, 49.1, 45.0, 23.9.
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(Z)-1-Bromopropene. The title compound was prepared following the procedure
developed by Fuller and Walker.3 A mechanical stirrer, thermometer and
condenser were fitted to a 3 neck, 2-L round-bottomed flask and 258 mL of
triethylamine (1.85 mol) was added. Every 5 min, one tenth of 110.5 g (0.45 mol)
of erythro-2, 3-dibromobutanoic acid was added to the stirring solution. After
complete addition, the solution was stirred for 3.5 h at room temperature and
then at 40 °C for another 3.5 h. Once the solution returned to room temperature,
160 mL of water was added and mixed until all the solids were dissolved. While
maintaining a reaction temperature of close to 0 °C, 160 mL of concentrated HCl
was added dropwise. The solution was warmed to room temperature, the crude
product was separated as the lower phase in a separatory funnel and was then
washed twice with equal volumes of saturated, aqueous sodium bicarbonate,
brine, and then dried (MgSO4) to yield 26.0 g (48%) of isomerically pure (Z)-1bromopropene: 1H NMR (400 MHz, CDCl3) δ 6.21-6.11 (m, 2H), 1.76 (d, J = 4.9
Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 129.6, 109.1, 15.5.
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1,3-Dibromopropene (mixture of isomers). A mixture of (Z)-1-bromopropene
(19.4 g, 0.16 mol), recrystallized NBS (28.5 g, 0.16 mol), and 65 mg of benzoyl
peroxide in 90 mL of dichloromethane was heated at reflux with a UV lamp for 5
h. After cooling, the solids were removed by filtration and the filtrate was
concentrated. Pentane was added, the solution filtered, dried (MgSO4) and then
reconcentrated. The crude product was distilled under reduced pressure to afford
15.0 g (47 %) of a mixture of 60% (Z)-1,3-dibromopropene and 40% (E)-1,3dibromopropene: bp 60-65 °C (25 mm) (lit.5 bp 154-156 ºC (760 mm)); 1H NMR
(400 MHz, CDCl3) [mixture of isomers] δ 6.49-6.37 (m, 4H), 4.07 (d, J = 7.2 Hz,
2H), 3.90 (d, J = 7.3 Hz, 2H); 13C NMR (100 MHz, CDCl3) [mixture of isomers]:
(Z)-isomer: δ 130.7, 113.3, 27.5; (E)-isomer: 133.5, 111.2, 30.5.
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3-Methylbut-2-en-2-yl acetate. Following procedures developed by House and
coworkers,6 200 g (2.0 mol) of acetic anhydride, 34.4 g (0.40 mol) of 3-methyl-2butanone and 0.28 mL of 70% aqueous perchloric acid were added to 450 mL of
chloroform. After stirring overnight, 300 mL of pentane and 320 mL of saturated,
aqueous sodium bicarbonate were added. The mixture was stirred in an ice bath
and 300 g of solid sodium bicarbonate was then added. The organic layer was
separated and the aqueous layer was washed with 50 mL of pentane. The
combined organic layers were washed successively with 100-mL portions of
water, saturated aqueous sodium bicarbonate and brine and then dried (MgSO4).
The solution was concentrated and the residue was distilled to yield 17.5 g (34
%) of a colorless oil: bp 115-122 °C (lit.7 bp 121 º C (763 mm). 1H NMR (400
MHz, CDCl3) δ 2.12 (s, 3H), 1.84 (s, 3H), 1.68 (s, 3H), 1.54 (s, 3H). 13C NMR
(100 MHz, CDCl3) 169.6, 139.1, 118.5, 21.0, 18.9, 17.5, 16.1.
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6-Bromo-3,3-dimethylhex-5-en-2-one (mixture of isomers). The title
compound was prepared using general procedures developed by House and
coworkers.8,9 A flame-dried round-bottomed flask was charged under argon with
10 mg of 2, 2-bipyridyl and 26.5 mL of a 1.51 M solution of methyllithium (40
mmol) in diethyl ether. The solution was stirred under a flow of argon at room
temperature for 30 minutes to evaporate some of the diethyl ether. Dry 1,2dimethoxyethane (50 mL) was then added and the solution was cooled to 0 °C in
an ice bath. The 3-methylbut-2-en-2-yl acetate (2.56 g, 20 mmol) was added
dropwise with a syringe until the solution changed from a dark red-purple color to
a light red-orange color indicating the presence of a slight excess of
methyllithium. 1,3-Dibromopropene (4.40 g, 22 mmol) was added rapidly; the
resulting solution was stirred for 45 min at 0 ºC and then 30 min at room
temperature. Pentane (50 mL) and saturated aqueous NaHCO3 (40 mL) were
added and the layers separated. The aqueous phase was saturated with NaCl
and then extracted with additional pentane. The combined organic layers were
dried (MgSO4) and concentrated to yield 2.50 g (61 %) of a mixture of 55% (Z)bromo-3,3-dimethylhex-5-en-2-one and 45% (E)-bromo-3,3-dimethylhex-5-en-2one: 1H NMR (400 MHz, CDCl3) [mixture of isomers] Z-isomer: δ 6.26 (d, J = 7.1
Hz, 1H), 6.01 (q, J = 7.1 Hz, 1H), 2.44 (d, J = 7.2 Hz, 2H), 2.15 (s, 3 H), 1.18 (s,
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6H), E-isomer: δ 6.14-6.04 (m, 2H), 2.19 (d, J = 6.3 Hz, 2H), 2.13 (s, 3H), 1.14 (s,
6H);

13

C NMR (100 MHz,CDCl3) [mixture of isomers] Z-isomer: δ 213.1, 130.9,

110.4, 47.9, 39.3, 25.5, 24.4; E-isomer: δ 213.1, 134.0, 107.0, 47.6, 42.6, 25.3,
24.4; HRMS-ESI (m/z): [M+H]+ calcd for C8H114BrO, 205.0228; found, 205.0232.
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1-Bromo-4,4,5-methyl-1,5-hexadiene (mixture of isomers). The diene was
prepared according to the general procedure developed by Eilbracht and
coworkers.10 Under argon, 50 mL of THF was added to 8.39 g (23 mmol) of
methyltriphenylphosphonium bromide. The mixture was cooled to 0 °C and 11.2
mL of 1.97 M solution of n-butyllithium in hexanes (22 mmol) was added. After
stirring for 2 h at 10-20 °C, the solution was re-cooled to 0 °C and 2.30 g (11
mmol) of 6-bromo-3,3-dimethylhex-5-en-2-one was added dropwise. The
resulting solution was stirred overnight and then heated at reflux for 3 h. Water
and pentane were added, the organic layer was washed several times with
water, dried (MgSO4) and concentrated. The residue was passed through a plug
of silica with pentane and concentrated to yield 1.28 g (57%) of the title
compound: 1H NMR (400 MHz, CDCl3 [mixture of isomers] δ 6.18 (dt, J = 7.0 Hz,
J = 1.7 Hz, 1H), 6.08-5.94 (m, 3H), 4.78 (apparent s, 2H), 4.72 (apparent s, 2H),
2.27 (dd, J= 6.8 Hz, J = 1.7 Hz, 2H), 2.09 (d, J = 6.9 Hz, 2H), 1.73 (apparent s,
3H), 1.72 (apparent s, 3H), 1.09 (s, 6H), 1.04 (s, 6H);

13

C NMR (100

MHz,CDCl3) [mixture of isomers]: 151.6, 151.1, 135.5, 132.4, 110.4, 110.2,
108.8, 105.3, 44.1, 40.7, 39.0, 38.9, 27.2, 27.0, 19.7, 19.6; HRMS-EI (m/z): M+
calcd for C9H15Br, 202.0357; found, 202.0362.
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(Z)-3-Iodo-2-propenoic Acid. The title compound was prepared according to the
procedure developed by Takeuchi and coworkers.11 Propiolic acid (28.0 g, 400
mmol) was added to a solution of 74 mL of 55% aqueous HI and 120 mL of H2O.
The solution was heated overnight at 50 °C, then cooled to room temperature
and 150 mL of ether was added. The aqueous layer was extracted with ether and
the combined organic layers were washed with saturated, aqueous Na2S2O3,
dried (MgSO4) and concentrated under reduced pressure. The residue was
washed with hexanes and dried to give 69.7 g (88%) of a pale-yellow solid: mp
66-68 °C (lit.12 mp 63-64 ºC). 1H NMR (400 MHz, CDCl3) δ 9.66 (br, 1H), 7.68 (d,
J = 9.1 Hz, 1H), 6.99 (d, J = 9.1 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 169.9,
129.7, 98.2.
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Ethyl (Z)-3-Iodo-2-propenoate. The ester was prepared according to the
procedure developed by Takeuchi and coworkers.11 (Z)-3-Iodo-2-propenoic acid
(35 g, 0.18 mol), 4.0 mL of concentrated H2SO4 and 100 mL (1.8 mol) of EtOH
were heated at reflux for 4 hours. The EtOH was removed by rotary evaporation
and ether (100 mL) and water (100 mL) were added. After separation, the
aqueous layer was extracted with ether and the combined organic layers were
dried (MgSO4). Evaporation of the solvent gave 36 g (88 %) of the title compound
as a light yellow oil: 1H NMR (400 MHz, CDCl3) δ 7.43 (d, J = 8.9 Hz, 1H), 6.88
(d, J = 8.9 Hz ,1H), 4.24 (q, J = 6.8 Hz, 2H), 1.31 (t, J = 6.8 Hz, 3H); 13C NMR
(100 MHz, CDCl3) δ 164.8, 130.1, 94.8, 61.0, 4.3.
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(Z)-1-Iodopropen-3-ol. The title compound was prepared according to
procedures developed by Normant and coworkers.13 A 1-L, three-necked flask
was equipped with an overhead mechanical stirrer, a thermometer and a rubber
septum with a nitrogen inlet. Dichloromethane (100 mL) and ethyl (Z)-3-iodo-2propenoate (11.3 g, 50 mmol) were added to the flask. The solution was stirred
at –78 °C and 100 mL (100 mmol) of a 1.0 M solution of DIBAL in hexanes was
added dropwise with a cannula so that the temperature of the reaction did not
rise above –75 °C. The mixture was then allowed to warm to room temperature,
then re-cooled to –20 ºC and 50 mL of 1.0 M aqueous hydrochloric acid was
added dropwise. Ether (100 mL) was added and the organic layer was
separated. The aqueous layer was washed with 30 mL of ether and the
combined organic layers were dried (MgSO4) and concentrated to yield 8.2 g (89
%) of the title compound as a pale yellow oil: 1H NMR (400 MHz, CDCl3) δ 6.50
(dt, J = 7.7 Hz, J = 5.8 Hz, 1H), 6.37 (dt, J = 7.7 Hz, J = 1.4 Hz, 1H), 4.25 (td, J =
5.8 Hz, J = 1.4 Hz, 2H), 1.55 (s, 1H); 13C NMR (100 MHz,CDCl3) δ 140.2, 82.9,
66.0.
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(Z)-3-Bromo-1-iodopropene. The procedures developed by Normant and
coworkers was used to prepare the title compound.14 Bromine (1.70 mL, 33
mmol) was added dropwise to a solution of triphenylphosphine (8.9 g, 34 mmol)
in 35 mL of methylene chloride at 0 °C. The solution was stirred for 30 min before
a solution of (Z)-iodoprop-1-ene-3-ol (5.0 g, 27 mmol) and triethylamine (3.44 g,
34 mmol) in CH2Cl2 (25 mL) was added slowly. The solution was stirred at 0 °C
for 1 h. The mixture was then concentrated to give a solid residue which was
stirred in pentane overnight. The solids were removed by filtration through Celite
and rinsed with pentane. Concentration of the filtrate gave 5.2 g (78%) the title
compound as a yellow oil: 1H NMR (400 MHz, CDCl3) δ 6.54-6.46 (m, 2H) 4.01
(d, J = 7.2 Hz, 2H); 13C NMR (100 MHz,CDCl3) δ 136.7, 88.2, 32.7.
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(Z)-6-Iodo-3,3-dimethylhex-5-en-2-one. The title compound was prepared using
general procedures developed by House and coworkers.8,9 A flame-dried roundbottomed flask was charged under argon with 10 mg of 2,2-bipyridyl and 37 mL
of a 1.4 M solution of methyllithium (52 mmol) in diethyl ether. The solution was
stirred under a flow of argon at room temperature for 30 min to evaporate some
of the diethyl ether. Dry 1,2-dimethoxyethane (60 mL) was then added and the
solution was cooled to 0 °C in an ice bath. The 3-methylbut-2-en-2-yl acetate
(3.33 g, 26 mmol) was added dropwise with a syringe until the color of the
solution changed from a dark red-purple color to a light red-orange color
(indicating the presence of a slight excess of methyllithium). (Z)-3-Bromo-1iodopropene (6.90 g, 28 mmol) was added rapidly; the resulting solution was
stirred for 45 min at 0 ºC and then 30 min at room temperature. Pentane (60 mL)
and saturated aqueous NaHCO3 (50 mL) were added and the layers separated.
The aqueous phase was saturated with NaCl and then extracted with additional
pentane. The combined organic layers were dried (MgSO4) and concentrated to
yield 4.52 g (69 %) of the title iodoketone: 1H NMR (400 MHz) δ 6.33 (dt, J = 7.5
Hz, J = 1.3 Hz, 1H), 6.07 (q, J = 7.1 Hz, 1H), 2.38 (dd, J = 6.9 Hz, J = 1.3 Hz,
2H), 2.15 (s, 3H), 1.18 (s, 6H); 13C NMR (100 MHz,CDCl3) δ 213.2, 137.4, 85.4,
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47.9, 44.2, 25.4, 24.5; HRMS-ESI (m/z): [M+H]+ calcd for C9H16I, 253.0089;
found, 253.0105.
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(Z)-1-Iodo-4,4,5-methyl-1,5-hexadiene. Following the general procedures of
Utimoto and coworkers,15 7.02 g (108 mmol) of activated Zn dust,16 100 mg of
lead (II) chloride and 60 mL of THF were added to a flamed-dried roundbottomed flask under an atmosphere of argon. Dibromomethane (10.44 g, 60
mmol) was added, the mixture was stirred at 25 °C for 30 min, and then cooled to
0 °C before 15 mL of a 1.0 M solution of TiCl4 in dichloromethane (15 mmol) was
added. The resulting mixture was stirred at 25 °C for 30 min before 3.02 g of (Z)6-iodo-3,3-dimethylhex-5-en-2-one (12 mmol) dissolved in 30 mL of THF was
added dropwise with a cannula at 25 °C. After stirring for 1 h the reaction mixture
was diluted with ether (30 mL) and washed with 1 M HCl (60 mL) and brine (50
mL), dried (MgSO4) and concentrated. Purification by column chromatography,
with 50 g of silica gel, using pentane as eluent (Rf = 0.65) gave 1.60 g (53 %) of
the title product:

1

H NMR (400 MHz, CDCl3) δ 6.23 (d, J = 5.8 Hz, 1H), 6.04

(apparent q, J = 6.8 Hz, 1H), 4.77 (s, 1H) 4.72 (s, 1H), 2.21 (d, J = 6.6 Hz, 2H),
1.74 (s, 3H), 1.09 (s, 6H); 13C NMR (100 MHz,CDCl3) δ 151.7, 139.0, 110.2,83.7,
45.6, 39.1, 27.3, 19.7; HRMS-ESI (m/z): [M + H]+ calcd for C8H14IO, 251.0297;
found, 251.0285.
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2-(1,5,5-Trimethylcyclopent-2-en-1-yl)ethanol. A flame-dried, round-bottomed
flask was charged with 0.50 g (2.0 mmol) of (Z)-1-iodo-4,4,5-methyl-1,5hexadiene in 20 mL of a 9:1 (by vol) ratio of dry n-C5H12/Et2O. The solution was
cooled to –78 °C and 2.0 mL of a 2.19 M solution of t-BuLi in pentane (4.4 mmol)
was added dropwise. The solution was stirred at –78 °C for 10 min and then
0.60 mL (4 mmol) of dry TMEDA was added. The resulting mixture was removed
from the cold bath and stirred in a bottle of drierite until it turned bright yellow (~1
h). The mixture was then re-cooled to –78 °C before dry paraformaldehyde (90
mg, 3 mmol) in 1 mL of diethyl ether was added. The bath was again removed
and the solution was stirred at room temperature until the reaction turned white
(~1.5 h). Saturated ammonium chloride (2 mL) was used to quench the reaction,
10 mL of brine were added and the layers were separated. The organic layers
was dried (MgSO4), concentrated and purification by column chromatography
with 40 g of silica gel using 0-20% Et2O/n-C5H12 yielded 0.20 (67 %) of the title
compound: Rf = 0.15 1H NMR (400 MHz, CDCl3) δ 5.63-5.61 (m, 1H), 5.58-5.55
(m, 1H), 3.77-3.69 (m, 2H), 2.12 (q, J = 2.20 Hz, 2H), 1.70-1.63 (m, 1H), 1.571.50 (m, 1H), 0.96 (s, 3H), 0.93 (s, 3H), 0.88 (s, 3H); 13C NMR (100 MHz,CDCl3)
δ 139.4, 128.3, 61.0, 49.7, 47.1, 44.3, 39.5, 25.0, 24.2, 19.7. HRMS-ESI (m/z):
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[M + H]+ calcd for C10H19O 155.1436; found, 155.1415. These spectroscopic
data were identical to those reported for this compound.17
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2-(1,5,5-trimethylcyclopent-2-en-1-yl)ethyl acetate. The title compound was
prepared using conditions developed by Millar and coworkers.17 Under argon,
0.21 mL of acetyl chloride (3 mmol) was added to a stirring solution of 2-(1,5,5trimethylcyclopent-2-en-1-yl)ethanol (0.31 g, 2 mmol) and pyridine (0.32 mL, 4
mmol) in 10 mL of dry Et2O at 0 ºC. The ice bath was removed and the reaction
mixture was stirred at room temperature for 4 h. Water (10 mL) and pentane (10
mL) were added and the layers separated. The organic layer was washed with 1
M HCl, saturated aqueous NaHCO3, and brine, dried (MgSO4) and concentrated.
Purification by column chromatography with 30 g of silica gel using 0-10%
Et2O/n-C5H12 (Rf = 0.42) gave 0.34 g (86%) of the title acetate. 1H NMR (400
MHz, CDCl3) δ 5.63-5.62 (m, 1H), 5.56-5.54 (m, 1H), 4.22-4.16 (m, 1H), 4.124.05 (m, 1H), 2.13 (apparent s, 2H), 2.04 (s, 3H), 1.72-1.66 (m, 1H), 1.60-1.54
(m, 1H), 0.95 (s, 3H), 0.94 (s, 3H), 0.90 (s, 3H); 13C NMR (100 MHz,CDCl3) δ
171.4, 139.0, 128.5, 63.0, 49.7, 47.1, 44.3, 34.8, 24.9, 24.3, 21.4, 19.6. HRMSESI (m/z): [M + H]+ calcd for C12H21O2 197.1542; found, 197.1555. These
spectroscopic data were identical to those reported for this compound.17
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